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1. Introduction 
Land use sometimes changes rapidly due to the effects of natural processes as well as 
anthropogenic forcing. Irrigated farmlands are one of the most important anthropogenic land use 
changes. The Hetao Irrigation District in western Inner Mongolia, China, is one of the most 
extensive irrigations in Asia (Figure 1 ). It is surrounded by the Langshan Mountains, the northern 
Loess Plateau, and the Ulan Buh Desert. Most of the cultivated land is irrigated using the water 
resources of the Yellow River. The irrigation district creates a prominent heat contrast along its 
boundary. 
Fig. l (a) Map of East Asia. (b) Topography around the Hetao Irrigation District and a simplified 
irrigated area (dotted area) in the simulation. 
Fig. 2 True color satellite snapshots observed by MOD IS/AQUA at 14: 10 LST on 4 August 2005. 
Hetao Irrigation District is located at the center of the figure. Blue lines show rivers and blue thick 
line shows the Yellow River. 
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B y  a  s t a t i s t i c a l  a n a l y s i s  o f  s a t e l l i t e  i m a g e s ,  S a t o  e t  a l .  [ 2 0 0 7 ]  i n d i c a t e d  t h a t  t h e  f r e q u e n c y  o f  
c l o u d  f o r m a t i o n  i s  l o w e r  o v e r  t h e  H e t a o  I r r i g a t i o n  D i s t r i c t  t h a n  o v e r  t h e  s u r r o u n d i n g  a r e a .  F i g u r e  2  
s h o w s  a  t r u e  c o l o r  s n a p s h o t  o n  4  A u g u s t  2 0 0 5  o b t a i n e d  w i t h  t h e  M o d e r a t e  R e s o l u t i o n  I m a g i n g  
S p e c t r o r a d i o m e t e r  ( M O D I S )  o n  t h e  A q u a  s a t e l l i t e .  N u m e r o u s  c l o u d s  a r e  e v i d e n t  a r o u n d  t h e  H e t a o  
I r r i g a t i o n  D i s t r i c t  a l t h o u g h  a l m o s t  n o  c l o u d s  a p p e a r  t h e r e .  S a t o  e t  a l .  [ 2 0 0 7 ]  s p e c u l a t e d  t h a t  a  
m e s o s c a l e  c i r c u l a t i o n  i n d u c e d  b y  t h e  l a n d  s u r f a c e  c o n t r a s t  i s  a t t r i b u t e d  t o  f o r m  t h e  c l o u d  n e a r  t h e  
i r r i g a t i o n  d i s t r i c t .  
A  c o n t r a s t  o f  l a n d  u s e  o f t e n  i n d u c e s  c l o u d s  a n d  p r e c i p i t a t i o n  a s  p o i n t e d  o u t  i n  m a n y  s t u d i e s  
[ e . g . ,  C h e n  a n d  A v i s s e r ,  1 9 9 4 ;  A v i s s a r  a n d  L i u ,  1 9 9 6 ;  L e e  a n d  K i m u r a ,  2 0 0 1 ] .  T h e  c l e a r  c o n t r a s t  o f  
l a n d  u s e  a r o u n d  t h e  H e t a o  I r r i g a t i o n  D i s t r i c t  m a y  i n d u c e  c o n v e c t i v e  c l o u d s .  T h e  o b j e c t i v e  o f  t h i s  
s t u d y  i s  t o  r e v e a l  t h e  i m p a c t  o f  t h e  H e t a o  I r r i g a t i o n  D i s t r i c t  o n  c l o u d  f o r m a t i o n  u s i n g  a  m e s o s c a l e  
n u m e r i c a l  m o d e l .  W e  f o c u s  o n  4  A u g u s t  2 0 0 5  w h e n  t h e  t y p i c a l  c l o u d  d i s t r i b u t i o n  w a s  o b s e r v e d  
( F i g u r e  2 ) .  
2 .  D e s i g n  o f  n u m e r i c a l  e x p e r i m e n t s  
N u m e r i c a l  e x p e r i m e n t s  w e r e  c o n d u c t e d  u s i n g  a  n o n - h y d r o s t a t i c  n u m e r i c a l  m o d e l ,  A d v a n c e d  
R e s e a r c h  W e a t h e r  R e s e a r c h  a n d  F o r e c a s t i n g  ( W R F )  m o d e l i n g  s y s t e m  V e r s i o n  2 . 2  [ S k a m a r o c k  e t  a l . ,  
2 0 0 5 ] .  T w o - w a y  n e s t e d  g r i d  s y s t e m s  w e r e  a d o p t e d .  T h e  c o a r s e  g r i d  s y s t e m  a n d  t h e  n e s t e d  f i n e  g r i d  
s y s t e m  h a v e  g r i d  i n t e r v a l s  o f  1 5  k m  a n d  3  k m ,  r e s p e c t i v e l y .  T h e  i n i t i a l  a n d  l a t e r a l  b o u n d a r y  
c o n d i t i o n s  f o r  t h e  c o a r s e  g r i d  s y s t e m  a r e  i n t e r p o l a t e d  f r o m  t h e  6 - h o u r l y  N C E P  g l o b a l  t r o p o s p h e r i c  
a n a l y s i s  d a t a  ( l x l  d e g r e e  g r i d s ) .  T w o  s e n s i t i v i t y  e x p e r i m e n t s  a r e  c o n d u c t e d ,  i . e . ,  e x p e r i m e n t s  
a s s u m i n g  a n d  n o t  a s s u m i n g  t h e  H e t a o  I r r i g a t i o n  D i s t r i c t  ( h e r e a f t e r ,  S F C - W E T  r u n  a n d  S F C - D R Y  
r u n ,  r e s p e c t i v e l y ) .  T o  e v a l u a t e  t h e  s u r f a c e  c o n d i t i o n  o f  t h e  H e t a o  i r r i g a t i o n ,  w e  a s s u m e  a  d i s t r i b u t i o n  
o f  s i m p l i f i e d  i r r i g a t e d  f a r m  l a n d s  ( h e r e a f t e r ,  t h e  i r r i g a t e d  a r e a )  i n  t h e  S F C - W E T  r u n .  T h e  v o l u m e t r i c  
s o i l  w a t e r  c o n t e n t  ( h e r e a f t e r ,  s o i l  w a t e r  c o n t e n t )  i s  a r t i f i c i a l l y  k e p t  a t  0 . 4  i n  a l l  s o i l  l a y e r s  w i t h i n  t h e  
i r r i g a t e d  a r e a  t h r o u g h o u t  t h e  s i m u l a t i o n ,  w h i c h  c o r r e s p o n d s  t o  a b o u t  8 5  %  o f  t h e  s a t u r a t e d  s o i l  w a t e r  
c o n t e n t  t h e r e .  B e s i d e s  t h e  i r r i g a t e d  a r e a ,  t h e  s o i l  w a t e r  c o n t e n t  d e r i v e d  f r o m  t h e  N C E P  g l o b a l  
t r o p o s p h e r i c  a n a l y s i s  d a t a  i s  a d o p t e d  a s  a n  i n i t i a l  v a l u e ,  a n d  t h e n  t h e  s o i l  w a t e r  c o n t e n t  i s  p r e d i c t e d  
e v e r y  t i m e  s t e p .  T h e s e  e x p e r i m e n t s  w e r e  c o n d u c t e d  f r o m  0 0  U T C  1  J u l y  2 0 0 5  t o  s t a b i l i z e  t h e  
s u r f a c e  s o i l  c o n d i t i o n s .  
3 .  R e s u l t s  a n d  S p e c u l a t i o n s  
F i g u r e s  3 a  a n d  3 b  s h o w  t h e  d i s t r i b u t i o n s  o f  c l o u d  w a t e r  s i m u l a t e d  b y  t h e  S F C - W E T  r u n  a n d  
t h e  S F C - D R Y  r u n  a t  1 4  L S T  o n  4  A u g u s t  2 0 0 5 ,  r e s p e c t i v e l y .  T h e  S F C - W E T  r u n  s i m u l a t e s  n u m e r o u s  
c l o u d s  o v e r  t h e  d r y  f l a t  a r e a  a n d  m o u n t a i n s  ( F i g u r e  3 a ) .  I n  c o n t r a s t ,  a l m o s t  n o  c l o u d s  a r e  s i m u l a t e d  
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over the irrigated area. The distribution of clouds is similar to the observation (Figure 2). In contrast, 
the SFC-DRY run simulates clouds not only over the dry area but also over the irrigated area (Figure 
3b ). The distribution of clouds in the SFC-DRY run differs from the observation. 
Figures 3c and 3d show the land surface temperatures at 12 LST on 4 August 2005 simulated 
by the SFC-WET run and the SFC-DRY run, respectively. The low surface temperature over the 
mountains corresponds to the decrease of solar radiation by clouds and the cooling by rainfall. A 
clear contrast of the surface temperature is found between the irrigated area and the surrounding dry 
area in the SFC-WET run (Figure 3c). In the SFC-DRY run, the contrast of the surface temperature 
is quite small (less than 5 K) except for the northern mountain area which is covered by the clouds. 
These results suggest that the contrast of the surface temperature can affect cloud formation around 
the irrigated area. 
Figure 4 illustrates vertical cross sections of simulated wind velocity and water vapor mixing 
ratio along the SW-NE section in Figure lb at 14 LST on 4 August 2005. The altitude is ,almost 
1,000 m along the SW-NE section. In the SFC-WET run, the southwestern component of wind is 
predominant over the southwestern dry area, while the northeastern component of wind is 
predominant over the northeastern irrigated area at the layers below 1,500 m (Figure 4a). The low 
surface temperature on the irrigated area (Figure 3c) produces wind that blows toward the dry area 
with high surface temperature. The two different winds at the lower level cause the convergence over 
the boundary between the dry area and irrigated area. Prominent upward and downward flows are 
found over the boundary of the dry area and the irrigated area, respectively. Therefore the SFC-WET 
run simulates a clear mesoscale circulation between the dry area and the irrigated area (hereafter, 
land-use-induced circulation) at the lower layer. The ascending flow of the land-use-induced 
circulation produces clouds without mountains and hills (clouds shown by vectors in Figure 3a). On 
the other hand, no significant circulations are simulated in the SFC-DRY run (Figure 4b). 
Moreover, the irrigated area supplies much water vapor to the lower atmosphere in Figure 4a. 
The moist air goes toward the dry area and then ascends above the boundary between the irrigated 
area and the dry area. The land-use-induced circulation also transports the evapotranspired water 
vapor to the dry area and then helps the cloud forming. 
The Hetao Irrigation District is surrounded by the Langshan Mountains and the Loess Plateau. 
During daytime, the mountain-valley circulation is predominant between the Hetao Irrigation 
District and the mountains. The circulation also induces the downward flow over the irrigated area 
and transports water vapor evapotranspired from the irrigated area to the mountainous area as well as 
the land-use-induced circulation (figure not shown). Therefore, the land-use-induced circulation and 
mountain-valley circulation inhibit cloud formation over the Hetao Irrigation District and transport 
water vapor from the irrigated area to the surrounding dry area. 
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F i g .  3  D i s t r i b u t i o n s  o f  c l o u d s  a t  1 4  L S T  ( l e f t )  a n d  s u r f a c e  t e m p e r a t u r e  a t  1 2  L S T  ( r i g h t )  s i m u l a t e d  
b y  t h e  S F C - W E T  ( t o p )  a n d  S F C - D R Y  ( b o t t o m )  o n  4  A u g u s t  2 0 0 5 .  T h e  g r e e n  a r e a  i n  F i g u r e  3 a  
s h o w s  t h e  i r r i g a t e d  a r e a .  
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F i g . 4  V e r t i c a l  c r o s s  s e c t i o n s  o f  w i n d  v e l o c i t y  ( v e c t o r )  a n d  w a t e r  v a p o r  m i x i n g  r a t i o  [ g / k g ]  ( c o n t o u r )  
a l o n g  S W - N E  i n  F i g u r e  l b  a t  1 4  L S T .  ( a )  S F C - W E T  a n d  ( b )  S F C - D R Y .  T h e  w i n d s  a r e  a v e r a g e d  
a c r o s s  s e c t i o n  S W - N E .  A  s i m p l e  m o v i n g  a v e r a g e  i s  t a k e n  f o r  f i v e  g r i d s .  V e c t o r s  a r e  p l o t t e d  e v e r y  
t h r e e  g r i d s  i n  h o r i z o n t a l .  T h e  l i g h t - g r a y  i n d i c a t e s  t o p o g r a p h y .  T h e  b l a c k  a r e a  s h o w s  t h a t  a l l  o f  t h e  
a v e r a g e d  g r i d s  a r e  t h e  i r r i g a t e d  a r e a .  T h e  d a r k - g r a y  s h o w s  t h a t  t h e  a v e r a g e d  g r i d s  i n c l u d e  p a r t s  o f  
t h e  i r r i g a t e d  a r e a .  
1 0 1  
5. Summary 
An impact of the Hetao Irrigation District on cloud formation is revealed using WRF model. 
The numerical experiment assuming simplified irrigation can simulate the distribution of clouds 
observed by the satellite. The low surface temperature on the Hetao Irrigation District produces a 
wind that blows toward the surrounding dry area, where the surface temperature is high, and results 
in the land-use-induced circulation at the lower layer. The ascending flow of the land-use-induced 
circulation generates clouds over the boundary between the irrigated area and the dry area. The 
land-use-induced circulation also transports the evapotranspired water vapor to the dry area and then 
helps the cloud forming. Moreover, the Hetao Irrigation District is surrounded by the Langshan 
Mountains and the Loess Plateau. The mountain-valley circulation is also predominant between the 
Hetao Irrigation District and the mountains. The land-use-induced circulation and mountain-valley 
circulation inhibit cloud formations over the Hetao Irrigation District and transport water vapor from 
the irrigated area to the surrounding dry area. 
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